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Abstract
We report measurements of the breakdown curves of a radio-frequency
capacitive discharge in low pressure ammonia. The electron drift velocity
was determined from the location of turning points in the breakdown curves
in the range of E/p = 42–713 V cm−1 Torr−1. We compare our results to
values calculated from the published cross-sections in the range
E/p = 1–5000 V cm−1 Torr−1 and find good agreement.
1. Introduction
Ammonia is widely used in various plasma-processing
technologies. Radio-frequency (rf) discharges in ammonia
are used to harden machine tools by nitriding [1] and to
create protective coatings. Discharges in NH3 are used for
modifying the surface of SiO2 films [2]. Mixtures of NH3
with CO (or CO2) are used to etch magnetic materials [3].
Ammonia is widely used for depositing silicon nitride films
(in mixtures with silane SiH4 [4–15], SiH2Cl2 [16] or SiCl4
[17]). Therefore the breakdown characteristics of discharges
in ammonia are of considerable interest.
Numerical simulation is often used to improve the
understanding of processes taking place in the gas discharges.
In order to use fluid simulations it is necessary to know the
electron transport parameters (electron drift velocity Vdr, the
first Townsend coefficient, α, the rate of electron attachment
to gas molecules, η, electron diffusion coefficient, De) of
the gas under study. To our knowledge, these transport
parameters have only been measured in ammonia for moderate
values of the reduced electric field, E/p < 20 V cm−1 Torr−1
[18–21]; the average electron energy and the electron diffusion
coefficient are given by Christophorou and Carter [22], who
also give the energy lost in low-energy (<1.7 eV) collisions.
However, the reduced field, E/p, may reach tens or hundreds
of V cm−1 Torr−1 in the near-electrode sheaths of rf discharges,
in the cathode sheath of dc discharges, during gas breakdown
and in a number of other cases. In these conditions the electrons
can acquire considerable energy, and therefore it is necessary to
know the electron transport parameters in these strong electric
fields.
The electron drift velocity in an electric field, Vdr,
characterizes the conductivity of a weakly ionized gas and
is one of the most important electron transport parameters.
There are a number of techniques (the time-of-flight technique,
observation of the optical radiation of a moving electron
swarm, the shutter technique and so on) that have been used to
measure the electron drift velocity. However, they only work
for comparatively small reduced fields, E/p, because at higher
values a self-sustaining discharge is ignited which impedes the
measurement. The authors of papers [23–26] have proposed a
novel method for determining the electron drift velocity from
the location of the turning point in the breakdown curves of
rf capacitive discharges. Whereas conventional techniques
become inapplicable after the ignition of the self-sustaining
discharge, this method is actually based on discharge ignition,
allowing measurements of Vdr in strong electric fields.
In this paper we have used this technique to determine the
electron drift velocity in ammonia. Measurements were made
in the range E/p = 42–713 V cm−1 Torr−1. With the help of
the ‘Bolsig’ numerical code and published cross-sections [27]
we have calculated the electron transport parameters in
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ammonia in the range E/p = 1–5000 V cm−1 Torr−1, and the
drift velocity values obtained from our experiment agree well
with the calculated values.
2. Experimental device
The rf discharge was ignited in NH3 over the pressure range
p ≈ 0.04–30 Torr with an rf field frequency f = ω/2π =
13.56 MHz. The distance between the flat circular aluminium
electrodes (143 mm in diameter) was varied over the range
L = 2.5–27 mm. The rf voltage (amplitude Urf < 1300 V)
was fed to one of the electrodes, while the other was grounded.
The electrodes were located inside a fused silica tube with an
inner diameter of 145 mm. The gas was supplied through small
orifices in the powered electrode and then pumped out via the
gap between the second electrode and the wall of the fused
silica tube.
The gas pressure was monitored with 10 and 1000 Torr
capacitive manometers (MKS Instruments). The gas flow was
fixed with a mass flow controller to 5 sccm, and the pressure
regulated by throttling the outlet to the pump. The rf voltage
was measured with an rf probe (Advanced Energy Z’SCAN).
We used the technique proposed by Levitskii [28] to
measure the breakdown curves of the rf discharge. Near and to
the high-pressure side of the minimum in the breakdown curve
the ammonia pressure was fixed before slowly increasing the rf
voltage until gas breakdown occurs. To the low-pressure side
of the minimum the curve may be multi-valued, i.e. the curve
turns around and breakdown occurs at two different values of
the rf voltage. Therefore in this range we first decreased the
ammonia pressure, then fixed the rf voltage value and only
then increased the ammonia pressure slowly until discharge
ignition occurred. At the moment of discharge ignition the rf
voltage shows a sharp decrease, and a glow appears between the
electrodes serving as a criterion for the onset of gas breakdown.
The uncertainty in the measured breakdown voltages did not
exceed 1–2 V over the whole Urf range under study.
3. Experimental results
The breakdown curves of rf capacitive discharges can be
divided into different branches according to the processes
by which the charged particles are generated: emission-
free, diffusion–drift, Paschen and multipactor branches [25].
A detailed description of the processes occurring in each of
these branches is given elsewhere [25]. Figure 1 shows the
experimental breakdown curves for an rf discharge in ammonia
for a range of inter-electrode gap values. Consider the curve
with a gap L = 25 mm. The Paschen branch occurs for
Urf > 300 V. The diffusion–drift branch is well pronounced at
Urf < 300 V. The emission-free branch occurs for p > 1 Torr.
The multipactor branch was not observed at this large gap
value, as it will occur at much higher rf voltage values (of
the order of several thousand volts).
As is clear from figure 1, the breakdown curve for this
gap possesses a region of multi-valued dependence of the rf
breakdown voltage on gas pressure, i.e. the rf discharge can
be ignited at two or even three different rf voltage values
corresponding to the same gas pressure. For example, at
a pressure of 0.1 Torr breakdown can occur at three voltages,
Figure 1. RF discharge breakdown curves in ammonia for different
inter-electrode gap values.
the two lowest voltages belonging to the diffusion–drift branch
and the highest one belonging to the Paschen branch. The
diffusion–drift branch shows a well-expressed turning point
with the coordinates p = pt and Urf = Ut . For the
conditions corresponding to the turning point the amplitude
of the electron displacement in the rf field is equal to
one-half of the inter-electrode gap value [25], as discussed
below.
The breakdown curves for gaps of L = 15 mm and
L = 12.5 mm are qualitatively similar to those for L = 25 mm.
As the gap is decreased the diffusion–drift branches are shifted
to higher rf voltages and gas pressures. Consider further
the breakdown curve for the gap with L = 6 mm. The
diffusion–drift branch of this breakdown curve is much more
weakly expressed than for larger gaps. For pressures below
2.5 Torr and rf voltages between 260 and 1000 V the Paschen
branch is observed, and at higher rf voltages we observe the
transition to the multipactor branch.
The breakdown curve for a gap of 5 mm possesses a
diffusion–drift branch for pressures above 15 Torr. The
Paschen branch also has a minimum (at pressures between 1.3
and 15 Torr), and at the lowest pressures a transition towards
a multipactor branch is seen. We did not observe a drift–
diffusion branch for a gap of 2.5 mm over the pressure range
studied. We saw only the Paschen branch and, below 0.5 Torr,
a multipactor branch with practically constant rf voltage for
discharge ignition, independent of the gas pressure.
Now let us consider briefly the technique for determining
the electron drift velocity from the breakdown curves. This is
dealt with in more detail in a previous paper [25]. Consider the
motion of an electron in a uniform rf electric field. The electron
drift velocity when νen  ω (where νen is the collision rate
between electrons and gas molecules and ω = 2πf is the
angular frequency of the rf field) is given by:
V (t) = eErf
mνen
cos(ωt), (1)
where e and m are the electron charge and mass, respectively
and Erf is the rf field amplitude. The amplitude of the drift
velocity
Vdr = eErf
mνen
(2)
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is the maximum instantaneous velocity of electrons,
corresponding to the amplitude of the rf field. On integrating
(1) over time we get the amplitude A of the electron
displacement:
A = eErf
mνenω
= Vdr
ω
. (3)
At the turning point of the breakdown curve (correspond-
ing to p = pt and Urf = Ut) the amplitude of the electron
displacement is equal to half of the gap: A = L/2. We
can understand this in the following way: when the electron
oscillation becomes larger than half the electrode spacing, the
electron loss rate tends to infinity, making breakdown impos-
sible, hence defining the lowest pressure at which breakdown
can occur for diffusion–drift branch. We therefore obtain a
simple formula for the electron drift velocity at the turning
point:
Vdr = Lω2 = Lπf. (4)
It follows from equation (4) that the value of the electron drift
velocity at the turning point of the breakdown curve depends
only on the values of the inter-electrode gap and the frequency
of the rf field. At the same time there is no dependence on
the gas species. Obviously, the electron drift velocity depends
on the ratio of the electric field strength magnitude to the gas
pressure E/p, and this dependence is different for different
gases. But, at the specific conditions (L, p, ω) corresponding
to the turning point for any particular gas the amplitude of
electron oscillations is equal to A = L/2 = Vdr/ω, and
the electrons will have the same drift velocity. However,
the corresponding value of E/p at this point (where the
corresponding drift velocity is Vdr = Lω/2) will be different
for each gas.
The coordinates of the turning point permit us to determine
the reduced field, E/p, corresponding to this electron
drift velocity. For example, taking the coordinates of the
turning point observed in the breakdown curve for a gap
of 25 mm: pt = 0.049 Torr and Ut = 76 V. Then E/p =
620.4 V cm−1 Torr−1 and Vdr = 1.065 × 108 cm s−1. Thus
the measured breakdown curve for one gap value provides
one value of the electron drift velocity (provided that the
breakdown curve possesses a diffusion–drift branch with a
well-expressed turning point).
In order to obtain a set of Vdr values over a wide range
of E/p, rf breakdown curves must be recorded at various
values of the inter-electrode gap L. The breakdown curves
in the range L  5 mm possess a diffusion–drift branch
with a turning point (see figure 1), and can therefore be
used to determine the electron drift velocity. We recorded
16 breakdown curves for different gap values in the range of
L = 5–27 mm, thus obtaining 16 Vdr values in the range of
E/p = 42–713 V cm−1 Torr−1.
The values of the electron drift velocity determined from
our measured breakdown curves are presented in figure 2. The
same figure shows previous measurements in the literature
[18, 19, 21]. However, our results cannot be compared to
these, as they only concern measurements for reduced fields
below 20 V cm−1 Torr−1, whereas our results refer to the range
E/p = 42–713 V cm−1 Torr−1. Therefore we have compared
our results to calculated values derived from the cross-sections
of Hayashi [27] using the Bolsig code (www.kinema.com).
Figure 2. Electron drift velocity in ammonia against E/p. Solid
curve presents the calculation data obtained with the Bolsig code,
empty triangles are for our measured data, empty circles are for the
experimental data from [18], solid circles are for the experimental
data from [19], solid triangles are for the experimental data
from [21].
4. Calculated electron transport parameters
The Bolsig code can be used to calculate electron transport
parameters in the electric field in the range E/p 
1 V cm−1 Torr−1 for 15 different gases and their mixtures, but
does not contain ammonia. Therefore we took the cross-
sections for elastic and inelastic collisions of electrons with
ammonia molecules presented in the paper by Hayashi [27],
added them to the set of cross-sections for this Bolsig code,
extending the set of gases to 16.
Figure 2 presents the calculated values of the electron
drift velocity for ammonia over the range E/p =
1–5000 V cm−1 Torr−1 together with our measured data. It
is clear that the values are in good agreement. There is also
good agreement between the calculated values and the previous
measurements [18, 19, 21] at low E/p.
Figure 3 shows calculated electron energy distribution
functions (EEDF) for various E/p values. It is clear from
the figure that a considerable change in the EEDF profile occurs
for reduced fields above 6–7 V cm−1 Torr−1. The number of
slow electrons falls and a high energy ‘tail’ appears. The
average electron energy, 〈εe〉 (figure 4) increases by almost
two orders of magnitude as E/p is increased from 6 to
20 V cm−1 Torr−1. At the same time the electron diffusion
coefficient, De, increases by three orders of magnitude, and the
ratio of the diffusion coefficient to the electron mobility De/µ
increases by two orders of magnitude. Although the quantities
〈εe〉 and De/µ in the range E/p < 20 V cm−1 Torr−1 have
been published previously by Christophorou et al [20] their
data are very close to the abscissa axis, and cannot be compared
easily with our present calculations.
Hayashi [27] has published the total cross-section for
ionization of NH3 molecules in the electron energy range from
threshold to 1000 eV, for the sum of all possible positive ions.
At the same time Mark [29] presented measurements of the
partial ionization cross-sections for the different ion products,
from the ionization threshold to 180 eV. Rao and Srivastava
[30] have also measured the NH3 ionization cross-sections
from threshold to 1000 eV.
Figure 5 shows the total ionization rate, obtained
from the cross-sections of Hayashi [27], Mark [29]
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Figure 3. Electron energy distribution functions for various E/p
values.
Figure 4. Electron transverse diffusion coefficient De, average
electron energy and ratio De/µ against E/p.
and Rao and Srivastava [30]. In the range E/p <
1000 V cm−1 Torr−1 the total ionization rates obtained from
the cross-sections of Hayashi and of Mark are practically
identical. However, at higher values of E/p the rate obtained
from the cross-sections of Mark decreases sharply. This is
probably due to the limited range of electron energy (up to
180 eV), over which Mark determined the cross-sections. In
these strong electric fields, electrons can acquire energies up
to hundreds of electronvolts, as can be seen in figures 3 and 4.
Therefore in the range E/p > 1000 V cm−1 Torr−1 the total
ionization rate determined from the cross-section of Hayashi
[27] should be used. At the same time it is clear from figure 5
that the total ionization rates derived from the cross-sections
of Rao and Srivastava [30] for E/p < 200 V cm−1 Torr−1
are considerably lower than those obtained from the other
cross-sections [27, 29]. This is because their cross-sections
are considerably smaller below 25 eV. However for higher
E/p values the values of the total ionization frequency
obtained from the cross-sections of Hayashi [27] and Rao and
Srivastava [30] coincide.
Figure 6 shows the rates of electron collisions with
ammonia molecules for elastic collisions, νelast, for excitation
of two electronic levels, νexc1 and νexc2, for excitation of three
vibrational levels νvibr1, νvibr2 and νvibr3, for ionization, νion
and for attachment, νatt, determined from the cross-sections
Figure 5. The total ionization frequency obtained from the
cross-sections of Hayashi [27], Mark [29] and Rao and Srivastava
[30] against E/p.
Figure 6. The frequency of elastic collisions between electrons and
NH3 molecules νelast , the frequencies of excitation of two electronic
levels νexc1 and νexc2, the frequency of excitation of three vibrational
levels νvibr1, νvibr2 and νvibr3, the ionization frequency νion and the
attachment frequency νatt , determined from the cross-sections by
Hayashi [27], against E/p.
by Hayashi [27]. The curves for νion and νatt cross over at
E/p ≈ 50 V cm−1 Torr−1. We cannot compare the results of
our calculations with any results of other authors.
Figure 7 presents δ, the fraction of the energy, lost by
electrons as a result of collisions with ammonia molecules,
against E/p. The quantity δ was determined from the elastic
and inelastic collision frequencies presented in figure 6, using
the formula:
δ = (2m/M) · νelast +
∑2
i=1 νexc,i +
∑3
j=1 νvibr,j + νion + νatt∑
ν
,
(5)
where
∑
ν = νelast +
2∑
i=1
νexc,i +
3∑
j=1
νvibr,j + νion + νatt (6)
is a sum of all possible collision frequencies between electrons
and molecules. The broken line in the same figure shows the
quantity 2m/M , where M is the mass of the ammonia molecule
describing the quantity of energy imparted by elastic collisions.
It is clear that over the whole E/p range presented in figure 7
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Figure 7. Portion of energy δ electrons lose on colliding with
ammonia molecules against E/p and average electron energy.
Empty circles are for the results of [22].
the quantity δ  2m/M , so that even for low E/p values
the electrons can excite the vibrational levels of the ammonia
molecule.
Figure 7 also shows the dependence of δ on the
average electron energy 〈εe〉, together with published data of
Christophorou and Carter [22] for average energy in the range
〈εe〉 = 0.1–1.7 eV. It follows from this figure that the results
of paper [22] are in reasonable agreement with our present
calculated values.
5. Conclusions
We have determined the electron drift velocity in NH3
from the location of the turning points of the breakdown
curves of rf capacitive gas discharges over the range E/p =
42–713 V cm−1 Torr−1. With the help of the numerical code
Bolsig and published cross-sections we have calculated the
electron transport parameters (electron drift velocity, the
frequencies of elastic and inelastic collisions between electrons
and ammonia molecules, the electron diffusion coefficient, the
average electron energy, the ratio of the diffusion coefficient
to the electron mobility and the fraction of the electron energy
lost on colliding with molecules) in ammonia in the range
E/p = 1–5000 V cm−1 Torr−1. The values of the drift velocity
obtained from our experiment are in good agreement with the
calculated data.
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